Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm).
Water year is defined as the 12-month period October 1 through September 30 and is designated by the calendar year in which it ends.
Introduction
The Brazos River alluvium aquifer is an important resource to water users in the Brazos River Basin from McLennan County to Fort Bend County, Texas ( fig. 1 ). As demands on the resource increase in the future, the Brazos River alluvium aquifer likely will become more important. Quantification of base flow in the Brazos River and the exchange of water between the Brazos River and the underlying Brazos River alluvium aquifer could assist water managers and planners responsible for the long-term sustainability of surface-and ground-water resources in the area. Slade and others (2002) identified 31 previous studies in which streamflow gain and loss data were collected in the Brazos River, which extends across Texas from southeastern New Mexico to the Gulf of Mexico ( fig. 1 ). However, none of those studies were done in the reach of the river that flows through the area of the Brazos River alluvium aquifer (the reach that defines the area of this study). General qualitative descriptions of base flow in segments of the study area were reported by the Texas Board of Water Engineers (1960) :
Area between Waco and the northern Falls County line-Geologic formations can be expected to make extremely small contributions to base flow of the Brazos River.
Area between the northern Falls County line and Bryan-Geologic formations can be expected to make large contributions to base flow of the Brazos River.
Area between Bryan and Hempstead-Geologic formations can be expected to make small contributions to base flow of the Brazos River. 
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Area between Hempstead and Richmond-Geologic formations can be expected to make moderate contributions to base flow of the Brazos River.
During 2006-07, the U.S. Geological Survey (USGS), in cooperation with the Texas Water Development Board (TWDB), did a study to quantify base flow and streamflow gains and losses in the Brazos River from McLennan County to Fort Bend County. Of particular interest were potential gains and losses in the river where it flows across the outcrop areas of the Carrizo-Wilcox aquifer, the Queen City aquifer, the Sparta aquifer, and the Yegua-Jackson aquifer ( fig. 2 ). These outcrop areas are essentially coincident with the area between the southern Falls County line and Bryan that, according to the Texas Board of Water Engineers (1960) , is expected to make large contributions to base flow of the Brazos River.
Purpose and Scope
The purpose of this report is to document the results of base-flow analysis (hydrograph separation) of historical (water years 1966 -2005 [October 1965 through September 2005 ) streamflow and two synoptic streamflow gain and loss surveys of the Brazos River from McLennan County to Fort Bend County, Texas, in March and August 2006. Methods of data collection and analysis are described. Results of hydrograph separation based on available historical data for three sites on the Brazos River and seven sites on tributaries to the Brazos River are presented. Streamflow gains and losses based on flow data collected from 55 sites on the Brazos River and selected tributaries during the two synoptic surveys are presented, and the respective gaining and losing reaches are identified. Water-quality properties (temperature and specific conductance) were collected as a part of the March 2006 survey and are included in the report, but those data were not used in the analysis of gains and losses.
Description of Study Area
The study area encompasses a 310-mile reach of the Brazos River from Waco in McLennan County to Richmond in Fort Bend County ( fig. 1 ) and includes selected inflow tributaries along the reach. The major tributaries are the Little River, Little Brazos River, Yegua Creek, Navasota River, and Mill Creek. Average annual rainfall at College Station is 39.67 inches (National Weather Service, 2007) . Five real-time USGS streamflow-gaging stations are on the Brazos River in the study area ( fig. 2 Daily mean streamflow ranged from 2,147 cubic feet per second at the Brazos River at Waco to 7,532 cubic feet per second at the Brazos River at Richmond (U.S. Geological Survey, 2007) . The Brazos River is hydraulically connected to the Brazos River alluvium aquifer. The alluvium aquifer is composed of fine to coarse sand, gravel, silt, and clay, the distribution of which varies from place to place (Cronin and others, 1963) . Beds or lenses of sand and gravel grade laterally into vertically finer or coarser material. In general, the finer material is in the upper part of the aquifer. The thickness of the aquifer throughout most of its extent is less than 100 feet (Shah and others, 2007, sheet 4) .
Underlying the Brazos River alluvium aquifer in laterally adjacent layers generally parallel to the coast are two major aquifers, Carrizo-Wilcox and Gulf Coast, and three minor aquifers, Queen City, Sparta, and Yegua-Jackson (Texas Water Development Board, 2007) (fig. 2) . The Gulf Coast aquifer is actually an aquifer system, the principal aquifers of which are the Chicot, Evangeline, and Jasper (not differentiated in this report). Upstream from the outcrop of the Carrizo-Wilcox aquifer, the Brazos River alluvium aquifer is underlain by rocks not characterized as part of a major or minor aquifer by the TWDB. Like the Brazos River alluvium aquifer, each of the underlying aquifers is composed of interbedded sand, clay, gravel, and silt in varying amounts (Ashworth and Hopkins, 1995; Ryder and Ardis, 2002) . The underlying aquifers are distinguished from one another in large part by the stratigraphic units of the rocks composing the aquifers and the relative positions of the units.
The underlying aquifers are hydraulically connected to the Brazos River alluvium aquifer, as indicated by potentiometric-surface maps of the Carrizo-Wilcox, Queen City, and Sparta aquifers (Garza and others, 1987) . The approximate potentiometric-surface map of the Carrizo-Wilcox aquifer for 1980 of Garza and others (1987) in the aquifer outcrop shows U-shaped potentiometric contours, closed upstream and relatively large, across the Brazos River. Similarly, the approximate potentiometric-surface map of the Sparta-Queen City aquifer (Garza and others [1987] combined the Queen City and Sparta aquifers for mapping) for 1980 in the aquifer outcrop shows U-shaped potentiometric contours, closed upstream, across the Brazos River. The potentiometric-surface maps indicate, in addition to hydraulic connection between the Brazos River, the Brazos River alluvium aquifer, and the underlying aquifers, that the river is gaining water in the aquifer outcrop areas, which is consistent with the Texas Board of Water Engineers (1960) qualitative description of the river gaining base flow in the reaches crossing the aquifer outcrops. Although no potentiometric surface for the Yegua-Jackson aquifer is available, and no potentiometric-surface maps T19   T18   B33   B32   B31   B30   T17   B29  T16   T15   B28   B27  T14   B26   B25   B24   B23   B22  T13   B21   B20   B19   B18  T12   B17   B16  B15   T11  B14   B13  T10   B12  B11   B10  B9   T9  B8  B7   B6   T8   B5  T7   B4  T6   B3  T5   T4  T3   B2  T2   T1  B1   B36   S7   S6   S5 constructed using shallow wells in the outcrops of the Chicot, Evangeline, and Jasper aquifers are known to exist, hydraulic connection between those aquifers, the Brazos River alluvium aquifer, and Brazos River are assumed. Development Board during the planning of this study. Additionally, the authors acknowledge staff of the Brazos River Authority who assisted in identifying appropriate streamflowmeasuring sites and in collecting data. The authors thank the numerous property owners who allowed access to measuring sites.
Methods
Hydrograph separation using historical streamflow was done to estimate base flow. Streamflow data collection and streamflow gain and loss computation were done to estimate streamflow gains and losses in the reach of the Brazos River from McLennan County to Fort Bend County.
Hydrograph Separation
Hydrograph separation is the process of separating measured streamflow into components resulting either from direct surface runoff or from ground-water discharge (base flow). Hydrograph separation was done using the USGS computer program Hydrograph Separation and Analysis (HYSEP) (Sloto and Crouse, 1996) . The data used in HYSEP were historical (water years 1966-2005) streamflow from 10 USGS gaging stations, three on the Brazos River and seven on selected tributaries to the Brazos River (table 1) . The HYSEP program makes the hydrograph separation process objective by removing inconsistencies inherent in manual methods. Daily mean streamflow for each station was input to the HYSEP program. Output from the program includes the two components of the annual mean streamflow-annual mean surface runoff and annual mean base flow. Additionally, HYSEP provides the base-flow index (BFI), which is the ratio of the annual mean base flow to the annual mean streamflow. The BFI was used as a means to graphically compare streamflows (hydrographs) from the three Brazos River stations. The graphical comparisons indicate whether the reach between two stations is gaining or losing flow. Wahl and Wahl (1995) states that caution should be used in applying hydrograph separation to data for short-term storms or for sites where streamflow is affected by upstream regulation, such as reservoir releases. The Brazos River in the study area is affected by regulation. Therefore, after using HYSEP to make hydrograph separation computations, the results were analyzed and judgments made regarding whether rises were from storm runoff or from reservoir releases. When judged necessary, HYSEP program input was adjusted by varying the runoff-timing parameter, and the program was rerun. This iterative process was continued until the results were deemed reasonable (that is, periods of reservoir releases were categorized by HYSEP as storm runoff).
Streamflow Data Collection
Streamflow data for computation of gains and losses were collected from the Brazos River and 19 tributaries to the Brazos River during March 6-10, 2006, and during August 10-18, 2006. The study was separated into two periods to collect streamflow data that were representative of two distinct hydrologic conditions. March is usually wetter than August and demand on water resources (pumpage from the river, the alluvium aquifer, and underlying major and minor aquifers) is relatively low. August is usually drier and demand on water resources is relatively high.
During the March data-collection period, streamflow was measured at 55 sites, 36 on the Brazos River and 19 on tributaries ( fig. 2; table 2 ). During the August data-collection period, streamflow measurements were made at 44 of the 55 sites, 28 on the Brazos River and 16 on tributaries. Water temperature and specific conductance also were measured during the March data-collection period at 53 and 52 sites, respectively. Discrete measurements of streamflow were made using USGS methods described in Rantz and others (1982) . Where conditions allowed (water depths generally less than 3 feet), streams were waded and velocity measurements were made using rod-mounted acoustic meters (Sontek/YSI, Inc., 2007) . In all other instances, boat-mounted acoustic Doppler current profilers were used to measure streamflow, as described in Oberg and others (2005) . In-place measurements of water temperature and specific conductance were made using methods described by Wilde and Radtke (1998) .
Streamflow Gain and Loss Computation
Streamflow gains and losses over the course of a stream are measured indirectly by computing the differences in streamflow between sites along the stream. Sources of gains or losses between two sites (which define a reach), in addition to ground-water inflow or outflow through the streambed, include tributary inflow, diversions, return flows, and evaporation. Using these factors, streamflow gain or loss in the reach is computed as
where G = streamflow gain or loss (ground-water inflow or outflow); Q D = measured streamflow at the downstream boundary of the reach; Q U = measured streamflow at the upstream boundary of the reach; I = measured inflows from tributaries; D = measured outflows (diversions) from the reach; R = return flows to the reach; and E = evaporation. (Units of all variables are cubic feet per second.)
During this study, numerous tributary inflows and one diversion were measured directly. However, return flows and evaporation were not measured, and those components were excluded from equation 1. The magnitude of error associated with these exclusions is believed to be minor when compared to potential errors associated with the flow measurements.
For this report, a stream reach is classified as verifiably gaining or losing only when the difference between streamflows at the upstream and downstream measuring sites that define the reach is greater than the potential error associated with the flow measurements. Measurement error is based on the rating of the streamflow measurement (excellent, good, fair, or poor) by the streamgager (Sauer and Meyer, 1992 ). The rating is based on factors such as cross-section uniformity, velocity homogeneity, streambed conditions, and other factors that affect the accuracy of the measurement. Measurements rated excellent are believed to be within 2 percent of the actual flow, good are believed to be within 5 percent, fair are believed to be within 8 percent, and poor are believed to differ from the actual flow by more than 8 percent. The potential errors associated with each pair of streamflow measurements for a given reach were summed to obtain the potential composite error for comparison with the computed gain or loss.
Base Flow
The results of hydrograph separation for three streamflow-gaging stations on the Brazos River, 08098290 Brazos River near Highbank (site B6, fig. 2 fig. 4A ). This graph shows that for each water year, the BFI value for the Brazos River near Hempstead is greater than the corresponding BFI value for the Brazos River near Highbank, which indicates that a larger percentage of the mean annual flow at the downstream gage (Hempstead) than at the upstream gage (Highbank) is composed of base flow.
The graph of BFI values in figure 4A does Data to quantify the potential effects on historical streamflows of diversions, return flows, or other anthropogenic activities are not available. To assess whether these factors have affected historical streamflows, BFI values were graphed relative to time. Figure 4C shows a time series of BFI values for the Brazos River near Hempstead station, and figure 4D shows time series of BFI values for the Brazos River near Highbank station and for the Highbank station plus tributary stations. Visual examination of these time-series graphs does not indicate any discernible trends. To verify the visual result, Mann-Kendall trend tests (Helsel and others, 1992) were run on the time series; no significant trends were indicated (at the .05 level of significance) (p-value = .49 for the Brazos River near Hempstead time series [ fig. 4C ], p-value = .70 for the Brazos River near Highbank time series [ fig. 4D ], p-value = .83 for the Brazos River near Highbank plus tributary stations time series [ fig. 4D]) .
The same process was applied to compare the compositions of streamflow at the Brazos River near Hempstead and Brazos River at Richmond gaging stations ( fig. 5; table 3) . Again, annual BFI values for the two gages were compared graphically ( fig. 5A ). This graph shows that for each water year, the BFI value for the Brazos River at Richmond is on average about the same as the corresponding BFI value for the Brazos River near Hempstead, which indicates that the percentage of the mean annual flow that is base flow at the downstream gage (Richmond) is not noticeably different from that at the upstream gage (Highbank).
One USGS streamflow-gaging station is on a tributary that enters the Brazos River in the reach between the Hempstead and Richmond stations (site S7, table 1). The drainage area for this station is 376 square miles, or about 31 percent of the intervening drainage area between the Brazos River near Hempstead and Brazos River at Richmond stations. Figure  5B Hydrograph separation and graphical evidence from BFI values indicate appreciably more base flow as a percentage of streamflow at the Hempstead station (about 60 percent on average) than at the Highbank station (about 43 percent on average). The reach of the Brazos River between the two stations crosses the outcrops of the Carrizo-Wilcox, Queen City, Sparta, and Yegua-Jackson aquifers, the probable source of the additional base flow. This result is consistent with indications of a gaining reach on potentiometric-surface maps of the Carrizo-Wilcox and Queen City-Sparta aquifers of Garza and others (1987) and with the Texas Board of Water Engineers (1960) qualitative description of the river gaining base flow in the reach, as noted previously in the "Description of Study Area" section. Hydrograph separation and graphical evidence from BFI values also indicate no increase in base flow as a percentage of streamflow in the reach of the Brazos River crossing the Gulf Coast aquifer (Chicot, Evangeline, and Jasper aquifers) compared to that in the adjacent upstream reach. Base flow as a percentage of streamflow at the Richmond station is essentially the same as that at the Hempstead station (about 60 percent on average).
Streamflow Gain and Loss
Daily mean streamflow of the Brazos River at three stations during the March and August 2006 surveys (08096500 Measurements of streamflow at the 36 sites along the main stem of the Brazos River from the March survey (table 5) are graphed relative to downstream distance in figure 8. Streamflow increases from upstream to downstream except at the downstream end of the study reach. An appreciable increase in Brazos River flow (173 cubic feet per second) occurred between sites B12 and B13 (table 5), the reach bracketing the confluence with Little River, the largest tributary. Another large increase in flow (258 cubic feet per second) occurred between sites B15 and B16 (river miles 269-258, fig. 8 ) that is not a result of tributary inflow.
Measurements of streamflow at 28 of the 36 sites along the main stem of the Brazos River from the August survey (table 6) are graphed relative to downstream distance in figure 9 . The graph shows the same general pattern of increasing streamflow from upstream to downstream, except at the downstream end of the study reach, as in the March survey, although the minimum flows at the upstream end are larger and the maximum flows toward the downstream end are lower. Larger minimum flows at the upstream end of the study reach likely are the result of releases from upstream reservoirs (fig. 7) ; and lower maximum flows likely are the result of generally drier conditions in August. Little River inflow was substantially less than in the March survey, and the increase in flow between sites B15 and B16 (table 6) also was substantially less than in the March survey.
Streamflow gains and losses for reaches defined by pairs of sites on the Brazos River were computed for 35 reaches during the March survey (table 7) and for 27 reaches For the August survey, four stream reaches were verifiably gaining streamflow and two were losing streamflow ( fig. 11) . Because some measurement sites in the March survey were not used in the August survey, the number of reaches defined by site pairs is 27, and thus some reaches are longer than those of the March survey. Although the August survey reaches are not everywhere comparable to the March survey reaches, the gaining reaches of the August survey generally match those of the March survey-occurring mostly in the outcrops of the aquifers. The reach gaining the most flow (B6-B9, 194 cubic feet per second) ( fig. 11) begins upstream from the outcrop of the Carrizo-Wilcox aquifer and contains the relatively short gaining reach defined by sites B8 and B9 ( fig. 10 ) in the outcrop of the Carrizo-Wilcox aquifer from the March survey. The reach gaining the second-most flow (B13-B14, 134 cubic feet per second) is in the outcrops of the Queen City and Sparta aquifers; that reach was not a gaining reach in the March survey. The reach defined by sites B15 and B16 in the Yegua-Jackson aquifer outcrop, which had the largest gain during the March survey, gained 73 cubic feet per second during the August survey. No reasons are known for the streamflow losses that occurred in the reach defined by sites B1 and B3 at the upstream end of the study reach and in the reach defined by sites B20 and B21 in the outcrop of the Gulf Coast aquifer.
The results of the synoptic gain and loss surveys are consistent with the results of the base-flow analysis (hydrograph separation) of historical streamflow and with the findings of Garza and others (1987) and the Texas Board of Water Engineers (1960) . Appreciable increases in streamflow, apparently the result of increases in base flow, occur in the reach of the Brazos River that crosses the outcrops of the Carrizo-Wilcox, Queen City, Sparta, and Yegua-Jackson aquifers. The gain and loss surveys also yielded no evidence for appreciable streamflow gains or losses in the outcrop of the Gulf Coast aquifer, except for the relatively large, unexplained loss (237 cubic feet per second) in the reach defined by sites B20 and B21 in the August survey. The study area encompasses a 310-mile reach of the Brazos River from Waco in McLennan County to Richmond in Fort Bend County and includes selected inflow tributaries along the reach. The Brazos River is hydraulically connected to the Brazos River alluvium aquifer. Underlying the Brazos River alluvium aquifer in laterally adjacent layers generally parallel to the coast are two major aquifers, Carrizo-Wilcox and Gulf Coast, and three minor aquifers, Queen City, Sparta, and Yegua-Jackson. Upstream from the outcrop of the CarrizoWilcox aquifer, the Brazos River alluvium aquifer is underlain by rocks not characterized as part of a major or minor aquifer. The underlying aquifers are hydraulically connected to one another and to the Brazos River alluvium aquifer, as indicated by 1980 potentiometric-surface maps of the Carrizo-Wilcox, Queen City, and Sparta aquifers that show U-shaped potentiometric contours, closed upstream, across the Brazos River.
Hydrograph separation was done using the USGS computer program Hydrograph Separation and Analysis (HYSEP). The data used in HYSEP were historical (water years 1966-2005) streamflow from 10 USGS gaging stations, three on the Brazos River and seven on selected tributaries to the Brazos River. Streamflow data for computation of gains and losses were collected during March 6-10, 2006, from 36 sites on the Brazos River and 19 sites on 19 tributaries to the Brazos River; and during August 10-18, 2006, from 28 sites on the Brazos River and 16 sites on tributaries. HYSEP provides the base-flow index (BFI), which is the ratio of the annual mean base flow to the annual mean streamflow. The BFI was used as a means to graphically compare streamflows (hydrographs) from the three Brazos River stations. The graphical comparisons indicate whether the reach between two stations is gaining or losing flow.
Streamflow gains and losses for reaches defined by adjacent pairs of Brazos River measurement sites were computed as streamflow at the downstream site minus streamflow at the upstream site minus inflows from tributaries (plus a diversion for one reach). For this report, a stream reach is classified as verifiably gaining or losing only when the difference between The results of the synoptic gain and loss surveys are consistent with the results of the base-flow analysis (hydrograph separation) of historical streamflow. Appreciable increases in streamflow, apparently the result of increases in base flow, occur in the reach of the Brazos River that crosses the outcrops of the Carrizo-Wilcox, Queen City, Sparta, and Yegua-Jackson aquifers. The gain and loss surveys also yielded no evidence for appreciable streamflow gains or losses in the outcrop of the Gulf Coast aquifer, except for one relatively large, unexplained loss (237 cubic feet per second) in the August survey.
